Abstract. The aim of this research is evaluating the flow behavior of slag cement paste depending on various types of gypsum and their replacement ratio. In this research, gypsum was added for the slag cement to induce ettringite formation and thus achieve improved and stable strength. Although natural anhydrite gypsum is primarily used for this purpose, various other types of gypsum have been studied as potential additives for slag cement. However, these studies have focused on the reaction mechanisms or hardened properties. Hence, in this research, using workability measurement methods and a rheological test method, six-different type of gypsums were evaluated: anhydrite, α, and β hemihydrate, dihydrate, desulfurized gypsums and combined gypsum of desulfurized and anhydrite gypsums. Experiment results showed that the dissolution rate of different gypsums can significantly influence the fluidity of the pastes.
Introduction
Today's complex infrastructure requires that concrete have high performance, high workability, and high strength. To achieve these high performance characteristics, supplementary cementitious materials (SCMs) have been used, especially blast furnace slag-which has been used widely as an essential additive for high performance concrete due to its low cost, improved long-term strength [1, 2] , decreased heat of hydration [3, 4] , and improved permeability of concrete [5, 6] .
Blast furnace slag (BFS), a byproduct of the steel manufacturing industry, is obtained through the quenching process, and surfaces as an amorphous or glassy material [7] . Because of the characteristics of the glassy material, the hydration of BFS is defined as latent hydraulic material which hydrates at a very slow reaction speed. Additionally, when BFS in mixture contacts water, Ca 2+ ion is dissolved and thus a less permeable membrane is produced on the surface of the blast furnace slag. Since this membrane prevents intrusion of water to the BFS particle and additional dissolution of ions from the BFS particle, the hydration of BFS is delayed and giving it less initial strength and an extended setup of remaining form work. As a solution to this drawback, gypsum is added 1-4 % during the milling process of BFS to produce ettringite [8] continuously with aluminate in cement after the setting for improving initial strength of slag cement concrete. The properties of slag cement concrete including various types of gypsum have been researched.
Although studies [11] have been done on various gypsum based on their physical properties [9, 10] , setting time, and compressive strength at different replacement ratios in cement mixes, there is limited research [12] on the fresh state properties of cement paste incorporating gypsum and BFS through the slump flow test method. However, the slump flow test method cannot assess the performance of the fresh state slag cement paste quantitatively. Therefore, in this research, by evaluating the influence of gypsum types and gypsum replacement rate on the fresh state properties, especially on the workability of slag cement paste, fundamental data needed to improve the quality of concrete incorporating BFS and gypsum was obtained.
Experiment Experimental Design
The experiment was designed to evaluate the influence of gypsum on rheological properties of slag cement paste incorporating blast furnace slag. The detailed experimental plan is summarized in Table  1 . For the mixtures, water-to-binder ratio was fixed at 0.45 for all mixtures. For the binder, blast furnace slag replaced 40% of cement powder mass. To evaluate the influence of gypsum type and replacement ratio, control mixture was tested without gypsum. In addition, six different mixtures with six different types of gypsum were prepared. Only fresh state cementitious paste properties were tested within 30 minutes from the time samples were mixed. Comparisons were based on properties of the gypsum/BFS mixtures tested by rotational rheology.
Materials and Tests Methods
In this research, all tests were conducted using paste phase with various binders. Ordinary Portland cement was used from the South Korean market. As a main replacement powder for cement, the blast furnace slag was a commercially available product in South Korea and according to the information provided by manufacturer, its specific gravity was 2.85 and fineness was 4,460 cm 2 /g. The chemical composition of blast furnace slag and various gypsum additives are summarized in Table 3 . The dihydrate gypsum used was a reagent grade product. For the hemihydrate gypsums used, α, and β hemihydrate gypsums were commercially available products. The desulfurized gypsum was pulverized from the substance collected by a desulfurizing precipitator during the refining process of the Korean H company. The anhydrate gypsum was a natural anhydrate gypsum.
For the test methods, the slag cement paste mixtures were mixed by following ASTM C305 standard with 5 L planetary mixer. In order to measure a rheology integer, rheometer of R / S Solids type of Brookfield, (Middleboro, Massachusetts, USA) was used and vane spindle of vertical × horizontal 10 × 20 mm was used as a spindle and shear deformation velocity for measuring a rheology integer was set to the range of 0.1∼10/s. 
Test Results

Flow Curve
For rheological behaviors of the mixtures with various types and replacement ratios of gypsum, flow curves of each mixture were measured right after the mixing and at 30 minutes after the mixing as shown in Figures 1 and 2 , respectively. The shear stress of the control mixture without gypsum showed about 57 to 164 Pa range. The mixtures with dihydrate, anhydrite, desulfurized gypsums and combined gypsum of desulfurized and anhydrite gypsums showed lower shear stress in the range of 46 to 163 Pa, so the values were similar or lower than the shear stress of the control mixture. For α, and β dihydrate gypsum, however, a shear stress was range of 72 to 188 Pa, and 103 to 327 Pa, respectively; thus, they showed higher shear stress values than the control mixture. At 30 minute after the mixing, the shear stress was increased generally 50 to 200 Pa. In the case of the mixtures with dihydrate and anhydrite gypsums, the shear stress was 28 to 44 Pa lower than control mixture. This means less viscosity of the suspension and can be caused by losing aggregation between the particles due to covering the reactive cementitious powder by SO 3 2-ions dissolved from the gypsums while the dihydrate and anhydrite gypsum had a low dissolution rate making it unable to provide rapid setting by the hydration. For the mixtures with α and β hemihydrate, and desulfurized gypsum, the shear stress was increased from 6 to 18 Pa. When gypsums have high dissolution rates, the suspension with these kinds of gypsums experiences aggregation of the particles. Between α and β dihydrate gypsums, α dihydrate gypsum contributed to a higher increase of the shear stress than β dihydrate gypsum at 30 minutes after the mixing while β dihydrate gypsum did not show the increase of the shear stress right after the mixing.
From this result, it was determined that β dihydrate gypsum produces a very rapid setting right after the mixing while the development of the microstructure development is not significant. On the other hand, it is considered that α dihydrate gypsum provides slow reaction at early age, while the setting of the mixture proceeds rapidly as the time passes. 
Conclusions
In this research, using the traditional workability measuring method and rheological test method, the influence of types and replacement ratios of gypsums on the fluidity of the slag cement paste was evaluated to produce the slag cement concrete with improved performance. As a fundamental study within the scope of fluidity of slag cement paste depending on different varieties of gypsum, the result of experiment can be summarized as follows: Using the flow curves obtained from rheological tests, the shear stress values of the mixtures right after the mixing were 57 to 164 Pa except for the mixtures with hemihydrate gypsums. The mixtures with α, and β hemihydrate gypsums showed 72 to 351 Pa of higher shear stress values than the control and other mixtures. From the test results at 30 minutes after mixing, 50 to 200 Pa increased shear stress values were obtained compared to the shear stress values measured right after the mixing. When hemihydrate gypsums were replaced in the mixtures, the shear stress values were higher than the control mixture and depending on the replacement ratios, the shear stress values were 6 to 183 Pa higher than control mixture.
The yield stress values of the mixtures except for the mixture including β hemihydrate gypsum showed about 100 Pa. In the case of β hemihydrate gypsum, the yield stress value of the mixture was increased with the replacement ratio, and approximately 400 Pa of yield stress was obtained at 6 % of replacement ratio. Furthermore, 30 minutes after mixing, the yield stress values generally increased to about 30 Pa, while α hemihydrate gypsum in mixture influenced a remarkable increase of yield stress 30 minutes after the mixing. For plastic viscosity, regardless of gypsum types and replacement ratios, generally 5 to 13 Pa·s of plastic viscosity were measured.
